Abstract
Introduction
Since fuzzy T-S model was proposed in [1] , lots of extensions have been reported, see, e.g. [2] [3] [4] . Fuzzy T-S model has been proven to be a powerful tool in solving the nonlinear control problems. Fuzzy T-S models are usually used to approximate nonlinear systems. The research results could be further improved with a simpler and more practical control scheme. The approximating error which affects the stability of the system is neglected in [2] [3] [4] . To avoid the effect of the approximating error, a matching condition is introduced in [5] [6] [7] [8] [9] [10] [11] , and an upper bound on approximation error is assumed in [12] [13] . However, the matching condition and the upper bound are difficult to verify in practice, which makes it difficult to the controller design. The uncertainties in nonlinear systems are assumed to satisfy the upper bound constraint in [14] [15] , which adds further restrictions to the controller design. Fuzzy logic systems can uniformly approximate nonlinear continuous functions to arbitrary accuracy. Thus, fuzzy logic systems are used to model uncertain nonlinear systems in [16] [17] [18] .
Based on the above discussions, using fuzzy T-S models and fuzzy logic systems, we propose in this paper a new  H control scheme for a class of uncertain multivariable nonlinear systems with time delays. It is not necessary for the approximating error and uncertainties to satisfy the above mentioned constraint conditions in this method. Fuzzy T-S models are used to approximate the nonlinear systems, with which a fuzzy state feedback controller is designed to guarantee the stability of the fuzzy system. An adaptive compensator based fuzzy logic systems is introduced to eliminate the approximating error and uncertainties. The controller is designed such that the closed-loop system is uniformly ultimately bounded and satisfies the desired  H performance. Simulation results demonstrate that the proposed control scheme is effective.
The main contributions and advantages are summarized as follows.
(1) Fuzzy T-S models and fuzzy logic systems are combined to design a novel  H control scheme. (2) Eliminated by a compensator, the modeling error and the uncertainties are not required to satisfy the constraint condition. (3) Without the constraint condition, the dimension of the matrix inequalities in this paper is reduced. (4) The developed  H controller makes full use of the advantages in fuzzy models. As a result, it is more convenient to implement the controller in practice.
(1) where x , u are the system state vector, the control input vector, respectively, and x is assumed to be a v a i l a b l e . C o n c r e t e l y ,
denote external disturbances which are uncertain and bounded.
Remark 1: There are many practical physical systems which can be described by the model (1) without delays, for example, the rotated inverted pendulum, the mass-spring-damper and the 2-link manipulator. However, some delayed behavior will occur due to inertia effect, and the uncertainties are unavoidable because of the environmental complexity. Thus, the investigation on system (1) has more practical significance. Moreover, it is well known that there exist some conservatisms of pure fuzzy T-S model in dealing with the modeling error, and the pure fuzzy adaptive control also has some shortages, whose modeling excessively relies on the chosen membership functions. Therefore, it is more interesting to combine both fuzzy models to overcome their drawbacks each other.
Design of the controller
The design procedure described in this section begins with representing the given nonlinear system (1) by fuzzy T-S model. The known parts of the system (1) can be approximated by fuzzy T-S model composed of L rules. For convenience, fuzzy T-S model includes the external disturbance. 
, and
. Then, the final output of the fuzzy system is 
By employing the fuzzy T-S model to represent the nonlinear system (1), the modeling error and the uncertainties for the nonlinear system (1) can be expressed as
where
Hence, by using (3) and (5), the nonlinear system (1) could be rearranged as
In the following, we consider the design procedure. The fuzzy controller is chosen as
where ) (t u l denotes the fuzzy control law based on T-S model, and
is the adaptive compensator based on fuzzy logic systems. The former is used to stabilize the linear part of system (1), and the latter is used to compensate the modeling error and the uncertainties. The state-feedback controller
) are matrices with proper dimensions, u l (t) is used to stabilize the linear part of the system (1), and
, P and Q are some symmetric and positive definite matrices, and l
are positive constants. We choose the adaptive compensator based on fuzzy logic systems as follows:
which is used to compensate the approximating error and the uncertainties.
is constructed by fuzzy logic systems.
The weight  is the adaptive parameter, which is adapted by
where 1  is a positive constant,
is a fuzzy basis-function matrix, and the definition of )) ( , (
will be given in (16).
Stability analysis
Note that
Substituting (7) into (6) yields
, the closed-loop system (14) is stable.
It has been proven that fuzzy logic systems have the universal approximation property, see, e.g. [16] . In this paper, fuzzy logic systems with time delays are constructed to the vector function with time delays )) ( , (
. The approximation form is given as follows:
) are the column vectors, and the weight  is the adaptive parameter. The kth element of )) ( , (
is of the following form
Define the estimation error
. By using (18) , (15) could be rewritten as
(19) For the above designed controller, we have the following conclusion. Theorem 1. Assume that the symmetric and positive definite matrices P and Q , and some positive scalars l  ) , , 1 ( r l   satisfy the inequalities (9) , and the updating law for the parameter is chosen as (11) , there exists a controller (7) with the fuzzy state feedback controller (8) and the adaptive compensator (10) such that the closed-loop system consisting of (1), (7), (8) and (10) is uniformly ultimately bounded and satisfies the following  H performance
A 
whose derivative can be computed as follows:
where 1 V  and 2 V  are given in (22) and (26), respectively.
Using (9), we have 0 1
By using (11), we can derive
Then, we can get
Integrating the above equation (28) from 0  t to T yields (20) . The proof is completed. By the Schur complements, the inequalities (9) can be transformed into the linear matrix inequalities. 
Simulation examples
Two examples are provided to illustrate the effectiveness of the proposed method.
Example1：Consider the following rotated inverted pendulum system as shown in Fig. 1 :
where delay behavior will occur due to inertia effect and the uncertainties are unavoidable because of the environmental complexity. Thus, the modified model is given by , 
Fuzzy T-S model with two rules in the form (2) 
with the adaptive law (11) .
We design the adaptive compensator ) (t u f based on fuzzy logic systems, where five fuzzy rules are defined as :
A
. By using the method in Theorem 1, we can get the simulation results as shown in Fig. 2-Fig. 3 show that the nonlinear system is stable rapidly by use of the proposed control scheme. 
are uncertain and bounded, and d is the external disturbance which is uncertain and bounded. The detailed data are in [20] .
Let . , , , , , 
with the updating law (11 Fig. 5 and Fig. 6 , respectively, which demonstrate that the developed controller can guarantee to stabilize the nonlinear system rapidly. 
Conclusion
By using both fuzzy models, a novel  H control scheme is presented for uncertain multivariable nonlinear systems with time delays. The developed fuzzy controller makes full use of the advantages of two fuzzy models. It is not necessary for the approximating error and uncertainties to satisfy the matching condition or the upper bound condition in this method. Thus, the developed method overcomes the constraint conditions. The proposed method could be also used to model many control systems, e.g. mechanical systems, industrial systems. Furthermore, if all state variables are unavailable, an output feedback control design is also developed.
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